Wound closure is critical for recovery from burn injury. In patients with massive burns, prompt and permanent wound closure is a limiting factor in recovery because of the lack of donor sites for skin autografting. This has led to the development of a number of alternatives for wound closure, including cultured epithelial autograft and allograft, [1] [2] [3] [4] cryopreserved human skin allograft, 5 decellularized dermal allograft, 6 acellular collagenbased dermal substitutes, 7, 8 keratinocyte-collagen membrane grafts, 9 keratinocyte-fibrin-glue suspensions, 10 and allogeneic or autologous composite cultured skin substitutes. [11] [12] [13] [14] [15] [16] Previous studies have shown that cultured skin substitutes (CSS) consisting of autologous cultured human fibroblasts and keratinocytes can provide permanent closure of burn wounds and reduce requirements for split-thickness skin autograft. 17 CSS have similar anatomy to split-thickness skin grafts and can provide permanent replacement of both dermal and epidermal layers. Upon healing, cultured skin performs similarly to native skin autograft. However, because CSS contain only two cell types, they can provide barrier and connective tissue, but cannot replace all of the functions of normal skin. Thus, despite the clinical benefits from CSS, physiological limitations remain that can contribute to clinical morbidity and reduced engraftment. For example, CSS lack a vascular plexus, leading to slower vascularization compared with native skin autograft. Early vascularization of split-thickness skin autograft occurs primarily through inosculation, involving the anastomosis of capillaries in the wound bed to severed vessels in the graft. 18 Because CSS are avascular, they are vascularized by neovascularization, a slower process that involves the growth of new vessels from the wound bed into the graft. This increases the time for nutrient deprivation of the cultured skin after grafting and thereby contributes to graft failure. 19 This has been addressed in part through the use antimicrobial and nutrient irrigation solutions after grafting. 14, 17, 20 Modification of CSS to enhance vascularization could lead to increased engraftment and simplified postoperative care regimens. This could hypothetically be achieved through genetic modification of cells used to prepare CSS. Several investigators have demonstrated the ability to express exogenous genes in keratinocytes and have shown that genetically modified cultured keratinocytes retain the capacity to form epidermis. [21] [22] [23] [24] [25] Prospectively, the use of cells genetically modified to overexpress an angiogenic cytokine in CSS can improve vascularization and healing after grafting. In a previous study 26 CSS were prepared with keratinocytes engineered to overexpress vascular endothelial growth factor (VEGF), a specific and potent mitogen for endothelial cells. 27, 28 After grafting to athymic mice, enhanced vascularization of the upper dermis of VEGF-modified (VEGF ϩ ) CSS compared with controls was observed. This difference was seen up to 2 weeks after grafting, the endpoint of that study. Interestingly, no difference in vascularization of the upper dermis was observed between VEGF ϩ CSS at 1 week after grafting and control CSS at 2 weeks after grafting. In the present study the observation period was extended to evaluate VEGF overexpression in genetically modified CSS at later times, after stable engraftment was achieved. This was necessary to determine whether the stimulation of vascularization seen in the previous study was because of accelerated vascularization of VEGF ϩ grafts or whether the difference between control and VEGF ϩ grafts can persist for extended periods. This study also analyzed the duration of VEGF overexpression in VEGF ϩ CSS after grafting and evaluated wound contraction and engraftment.
MATERIALS AND METHODS

Cell Culture and Genetic Modification
Human cadaver skin, procured from a 35-year-old male donor, was obtained from the Ohio Valley Tissue and Skin Center and was screened according to tissue banking standards for absence of transmissible pathogens. Primary cultures of keratinocytes and fibroblasts were isolated and grown as previously described. 29 The recombinant retroviral vector used to transfer the human VEGF 165 coding sequence is described in detail elsewhere. 26 Briefly, a 1.89 kilobase (kb) Eco RI fragment from the phVEGF165.SR plasmid, containing the VEGF 165 coding sequence as well as the cytomegalovirus (CMV) promoter/enhancer and partial 3' untranslated rabbit ␤-globin region, was subcloned into the pLXSN replication-incompetent retroviral vector (Clontech Laboratories, Palo Alto, CA). The resulting pL-CVEGF-SN retroviral plasmid was transfected into the NIH/3T3-based packaging cell line RetroPack PT67 (Clontech Laboratories) and cells were selected with G418 (800 g/ml; Clontech Laboratories) to yield populations with stably integrated retrovirus. The VEGF protein produced by cells infected with the pL-CVEGF-SN retrovirus was shown in a previous study to be mitogenic to human microvascular endothelial cells. 26 Control virus-producing cell lines were generated using the pLXSN vector without inserted VEGF sequences.
Second-passage keratinocytes were inoculated into flasks containing subconfluent cultures of virus-producing cells pretreated with 15 g/ml mitomycin C (Sigma, St. Louis, MO). Keratinocytes and virus-producing cells were cocultured for 5 days, after which the flasks were rinsed with 5mM ethylenediamine tetraacetic acid to remove virus-producing cells. The keratinocytes were trypsinized and subcultured to expand cell populations.
Cultured Skin Substitutes
CSS, consisting of control keratinocytes (modified with blank retrovirus) or VEGF-modified keratinocytes and unmodified fibroblasts attached to collagen-glycosaminoglycan (GAG) biopolymer substrates, were prepared as previously described. 30, 31 Briefly, collagen-GAG substrates (n ϭ 15) were inoculated with 5 ϫ 10 5 fibroblasts/cm 2 . One day later (culture day 0), dermal substitutes were inoculated with 1 ϫ 10 6 /cm 2 control (n ϭ 7) or VEGF ϩ (n ϭ 8) keratinocytes. On culture day 3, CSS were lifted to the airliquid interface. CSS were cultured for 14 days at 37°C, 5% CO 2 , with daily changes of nutrient medium. Grafts were cut to 2 cm ϫ 2 cm squares for transplantation to mice.
Grafting to Athymic Mice
All animal studies were performed with the approval of the University of Cincinnati Institutional Animal Care and Use Committee following National Institutes of Health guidelines. VEGF-modified (n ϭ 33) and control (n ϭ 29) CSS were grafted to 2 cm ϫ 2 cm full-thickness wounds on the flanks of athymic mice as previously described, 26, 30 with minor modifications. Briefly, each wound was prepared leaving the panniculus carnosus intact. Grafts with overlying N-terface nonadherent dressing (Winfield Laboratories, Richardson, TX) were sutured to wounds. Grafts were dressed with gauze pads coated with antibiotic ointment, the dressings were covered with OpSite (Smith & Nephew Medical, Hull, UK), and the grafted areas were bandaged with Coban (3M Medical Division, St. Paul, MN). At 2 weeks after surgery, stitches were removed and dressings were replaced with dry gauze and Coban bandages. All dressings were removed at 3 weeks after surgery. Mice were killed at 1 week (n ϭ 3 control; n ϭ 4 VEGF ϩ ), 2 weeks (n ϭ 3 per group), 4 weeks (n ϭ 3 per group), 6 weeks (n ϭ 4 per group), 8 weeks (n ϭ 4 per group), and 14 weeks (n ϭ 12 control, n ϭ 15 VEGF ϩ ) after surgery. Grafts were excised, and biopsies were taken for histological analysis, immunohistochemistry, and RNA isolation. Serum was collected from mice at 1, 2, and 4 weeks after surgeries for use in an enzyme-linked immunosorbent assay (ELISA) for human VEGF protein.
Analysis of VEGF RNA expression
Expression of retroviral VEGF RNA was analyzed using nonisotopic Northern blot hybridization. Cells or CSS biopsies used for RNA isolation were snapfrozen in liquid nitrogen and stored at Ϫ70°C until needed. Total cellular RNA was isolated using the RNeasy Mini Kit (QIAGEN, Santa Clarita, CA) and was electrophoretically separated on 1% agarose gels in buffer containing 0.6% formaldehyde, 50 mM HEPES pH 7.8, 1 mM ethylenediamine tetraacetic acid, with 0.2 ng/ml ethidium bromide. Gels were transferred overnight to BrightStar™-Plus Membranes (Ambion, Inc., Austin, TX) using the Turboblotter system (Schleicher & Schuell, Keene, NH). The VEGF 165 cDNA probe was a 1.89 kb Eco RI fragment from the pL-CVEGF-SN plasmid 26 that was biotin-labeled using the BrightStar™ PsoralenBiotin kit (Ambion). Hybridizations were done overnight at 68°C using PerfectHyb Plus buffer (Sigma, St. Louis, MO), and detection of bound probe was performed using the BrightStar™ BioDetect™ kit (Ambion).
Analysis of VEGF Protein Secretion
Aliquots of culture medium from sub-confluent control and VEGF-modified keratinocytes (n ϭ 8 per group) at the time of inoculation of CSS, and from CSS (n ϭ 7 control, n ϭ 8 VEGF ϩ ) at 1 and 2 weeks of in vitro incubation, were collected and stored at Ϫ20°C until assayed for VEGF protein concentration. These samples were taken before media changes, thus they were conditioned by cells or CSS for 24 hours at the time of collection. Blood was collected from mice at 1, 2, and 4 weeks after surgery; samples were centrifuged and serum was stored at Ϫ20°C until assayed. Human VEGF 165 protein levels were determined using ELISA (Quantikine Human VEGF Immunoassay, R&D Systems, Minneapolis, MN). Mean values and standard error of the mean (SEM) are presented.
Statistical analyses of VEGF concentrations in culture media were performed using SigmaStat statistical analysis software (SPSS Science, Chicago, IL). Pairwise comparisons were done by t-test to determine significant differences (P Ͻ 0.001) between control and VEGF ϩ samples at each time point.
Measurements of Wound Contraction
Wound perimeters were directly traced onto sterile frosted Mylar sheets at the time of surgery (original area) and at 2, 3, 4, 5, 6, 8, 10, 12, and 14 weeks after surgery. Wound areas were determined by computer planimetry using the Image-1 image analysis system (Universal Imaging Corp., Downingtown, PA). Data were expressed as percent original wound area calculated individually for each animal at each time point. Mean values Ϯ SEM are presented. Statistical analysis was performed using one-between, one-within repeated-measures analysis of variance (RM ANOVA). The between factor was the group (control vs VEGF ϩ ); the within, or repeated, factor was time (0 -14 weeks). Univariate ANOVAs were done at each time point to determine significant differences (P Ͻ 0.05) between control and VEGF ϩ groups.
Light Microscopy
Biopsies of CSS were fixed in 2% glutaraldehyde/2% paraformaldehyde for a minimum of 24 hours. Samples were processed, embedded in glycol-methacrylate, sectioned, and stained with toluidine blue using standard techniques. Sections were examined using a Nikon Microphot-FXA microscope (Nikon, Melville, NY) and were photographed using a Spot Jr. Digital Camera (Diagnostic Instruments, Inc., Sterling Heights, MI).
Immunohistochemistry
Biopsies of CSS excised from mice were frozen in M-1 Embedding Matrix (Lipshaw, Pittsburgh, PA). A two-step procedure was used to ensure that each biopsy was sectioned at a 90°angle to the surface of the epidermis. Briefly, each tissue sample was frozen flat in a small volume of M-1 matrix in a small steel base mold held on dry ice. This embedded sample was removed from the steel base and the M-1 matrix was trimmed on one side to the level of the graft; the biopsy was rotated 90°to an upright position and placed in an embedding ring that was then filled with M-1 matrix and frozen. Cryostat sections were dehydrated in methanol and fixed in acetone at Ϫ20°C. After air-drying, sections were rehydrated in phosphate-buffered saline at pH 7.6. Human keratinocytes in grafted CSS were stained using direct immunofluorescence of frozen sections with a fluorescein-labeled anti-human HLA-ABC antibody (Accurate Chemical and Scientific Corp., Westbury, NY), and sections were counter-stained with Propidium Iodide (Sigma).
Murine endothelial cells in grafted CSS were stained using direct immunofluorescence of frozen sections with a fluorescein-labeled anti-mouse PE-CAM-1/CD31 antibody (BD Pharmingen, San Diego, CA). Additionally, collagen IV staining was performed using Rabbit Anti-Mouse Collagen Type IV Antibody (Biodesign International, Kennebunkport, ME), followed by visualization with Goat Anti-Rabbit Ig Texas Red-labeled antibody (Southern Biotechnology Associates, Inc., Birmingham, AL).
Quantitation of Endothelial Cell Densities in Grafted CSS
Sections were double-labeled as described for both PECAM-1/CD31 and collagen IV. Sections were viewed using a Nikon Microphot-FXA microscope equipped with an epifluorescence illumination system (Nikon), and digital images were captured using a Spot Jr. Digital Camera. An average of five nonoverlapping images per mouse were captured at ϫ31.2 magnification. The number of fields analyzed per mouse varied because of variations in section width; regions of mouse skin bordering the cultured skin grafts were not analyzed. PECAM-1/CD31 staining in the dermal regions of cultured skin grafts was quantified using the Metamorph Imaging System (Universal Imaging Corp.). Dermal regions corresponding to 1-mm lengths of epidermis were analyzed. The upper and lower limits of the epidermis were identified using collagen IV staining, which permitted localization of the dermal/epidermal basement membrane and visualization of the panniculus carnosus layer. Dermal regions were manually traced using the freehand region tool in the Metamorph software program, and the percent area of the region staining positive for PECAM-1/CD31 was measured using a defined constant threshold value. Staining in the upper dermis was similarly quantified, but the region analyzed corresponded to a depth of 0.1 mm below the dermal/epidermal junction. Control or VEGF ϩ values at each time point (1, 2, 4, 6, 8, and 14 weeks after grafting) were grouped for analysis, and mean values and SEM are presented. Pairwise comparisons were done by t-test using SigmaStat statistical analysis software (SPSS Science) to determine significant differences between groups.
RESULTS
VEGF mRNA and Protein Expression
The replication-incompetent retroviral vector L-CVEGF-SN is diagrammed in Figure 1A . Note that two VEGF transcripts of different sizes are predicted from the L-CVEGF-SN retrovirus: a larger transcript from the retroviral long terminal repeat (LTR) promoter, and a smaller transcript from the CMV promoter/enhancer ( Figure 1A ). Both retroviral transcripts encode identical VEGF 165 proteins and differ in size from the endogenous human and murine VEGF 165 messages. Keratinocytes genetically modified by transduction with this vector expressed high levels of both retroviral VEGF transcripts (Figure 1A) . The level of expression is greatly elevated compared with expression of the endogenous VEGF gene. Relatively high levels of retroviral VEGF mRNA expression are maintained in CSS prepared with VEGF ϩ keratinocytes ( Figure 1A ). Similarly, VEGF protein secretion was significantly elevated in VEGF ϩ keratinocytes and CSS ( Figure  1B ). Culture media conditioned by control keratinocytes contained an average of 0.9 ng/ml VEGF. Media conditioned by VEGF-modified keratinocytes contained an average of 4.7 ng/ml VEGF, a somewhat modest five-fold increase because of genetic modification. Interestingly, the difference between control and VEGF-modified CSS was more dramatic, particularly at culture day 14 when CSS were grafted to mice. Control CSS-conditioned media contained an average of 0.19 ng/ml VEGF, compared with 7.2 ng/ml in VEGF ϩ CSS-conditioned media, an approximately 38-fold increase.
Morphology of CSS
Light microscopy was used to assess the development of the CSS before grafting to mice. Representative histological sections from culture day 10 are shown in Figure 2 . No differences were seen between control and VEGF ϩ CSS. Both groups displayed a stratified epidermal layer, with nucleated basal cells attached to the collagen-GAG substrate and development of a cornified layer analogous to stratum corneum at the air-exposed epidermal surface. The dermal compartments were filled with fibroblasts. The total thickness of the CSS ranged from 200 to 500 m, with no differences observed between groups. The structure of the L-CVEGF-SN retroviral vector, previously described in detail elsewhere, 26 is also shown (bottom). B. Increased secretion of VEGF protein from VEGF-modified keratinocytes, at the time of CSS inoculation, and CSS at 1 and 2 weeks of in vitro incubation. Concentrations of VEGF are presented as ng/ml culture media; error bars, Ϯ SEM. Differences between groups were statistically significant (P Ͻ 0.001). Kerat., keratinocytes; CSS, cultured skin substitutes; VEGF, vascular endothelial growth factor; LTR, long terminal repeat; VEGF ϩ , VEGF-modified; , packaging signal sequence; Neo, neomycin resistance gene; Wk., week.
Engraftment, Contraction, and VEGF Expression After Grafting to Mice
Immunohistological evaluation of grafted epidermal regions for the presence of human cells was used to confirm engraftment at 14 weeks after surgery. An example of positive staining for the human leukocyte antigen complex HLA-ABC is shown in Figure 3A . Positive HLA-ABC staining was seen in 86.7% (13/ 15) of VEGF ϩ grafts at 14 weeks after surgery. By comparison, 58.3% (7/12) of control grafts showed positive staining for HLA-ABC. Figure 4 shows light microscopy of sections of healed cultured skin. In both control and VEGF ϩ grafts a well-stratified epidermis is present, and evidence of vascularization is observed. The total thickness of the healed grafts ranged from approximately 300 to 600 m, with no significant group differences between control and VEGF ϩ CSS. A quantitative analysis of wound area was performed to assess graft contraction ( Figure 5 ). Values are presented as percent original wound area; greater values indicate lower levels of contraction, which reflect greater graft stability. Significantly higher percent original wound area values were measured in the VEGF ϩ grafts compared with controls from 5 to 14 weeks after surgery ( Figure 5 ).
Retroviral VEGF mRNA expression was detectable in all VEGF ϩ grafts excised from mice (data not shown). Even up to 14 weeks after surgery, retroviral VEGF mRNA expression was detected in HLA-ABCpositive VEGF ϩ CSS examined by Northern blot hybridization ( Figure 6 ). Although the levels of expres- sion of the two retroviral transcripts is roughly equivalent in VEGF ϩ CSS before grafting, only the 2.9 kb transcript from the CMV promoter/enhancer is detected at 14 weeks after transplantation to mice ( Figure 6 ). Despite continued expression of the retroviral VEGF transcript in VEGF ϩ CSS after grafting, human VEGF protein was not detectable in the serum of mice at 1, 2, or 4 weeks after surgery (data not shown).
Vascularization of CSS After Grafting
For evaluation of vascularization, murine endothelial cells in sections of grafts excised from mice were stained with an antibody against murine PECAM-1. Examples of PECAM-1 immunostaining are shown in Figure 7A . Quantitative image analysis was used to measure the percent area staining positive for PE-CAM-1. If this analysis was performed on the entire dermal regions of grafted CSS ( Figure 7A , solid white outlines), there were significantly higher densities of endothelial cells in the VEGF ϩ grafts compared with controls at 1 week after grafting ( Figure 7B ). The differences in the values for entire dermal regions were not statistically significant at later time points. However, if the analysis was focused on just the upper part of the dermis ( Figure 7A , dashed white lines), differences in endothelial cell density were seen which persisted up to 4 weeks after grafting and were even seen at 14 weeks after grafting ( Figure 7C ). This indicates a difference in distribution of blood vessels between VEGF ϩ and control grafts at later time points after surgery, with greater densities of endothelial cells near the dermal-epidermal junction in VEGF ϩ CSS, although differences in overall vascularization were not present.
DISCUSSION
Genetic modification resulted in greatly increased expression of VEGF mRNA in cultured keratinocytes and in CSS prepared with modified cells. High levels of VEGF mRNA expression were maintained in the VEGF ϩ CSS through the in vitro culture period, and VEGF protein secretion was significantly higher than in control CSS at the time of grafting to mice. The VEGF protein secreted by keratinocytes modified with the L-CVEGF-SN vector was previously shown to be bioactive in a microvascular endothelial cell growth assay. 26 The level of VEGF protein measured in media conditioned by control keratinocytes in this study, 0.9 ng/ml, is similar to levels observed in human keratinocyte cultures by other investigators. 28 This concentration roughly corresponds to the level reported to be required in vitro for half-maximal stimulation of DNA synthesis in endothelial cells (~1.0 ng/ml). 27 Maximal response to VEGF in vitro has been reported at concentrations of approximately 10 ng/ml, the level at which saturation of binding to human dermal microvascular endothelial cells occurs. 28 Thus, a five-fold increase in VEGF secretion in genetically modified keratinocytes, as was observed in the present study, would be expected to have a significant effect on the growth of microvascular endothelial cells. The level of VEGF secreted by control CSS at the time of grafting to mice, 0.19 ng/ml, is below the minimal effective concentration reported for stimulation of endothelial cells (~0.3 ng/ml). 28 Preparation of CSS with VEGF-modified keratinocytes resulted in a roughly 38-fold increase in VEGF secretion in vitro, with an average concentration of 7.2 ng/ml. Thus, genetic modification resulted in a level of VEGF secretion sufficient to elicit a mitogenic response in microvascular endothelial cells in vitro. Maintenance of this level of VEGF production in VEGF ϩ CSS after grafting could hypothetically stimulate enhanced growth of endothelial cells in vivo.
The present study confirmed previous results 26 showing enhanced vascularization of VEGF ϩ CSS after grafting. This study not only examined vascularization of the upper dermis, as was done previously for early time points after grafting, 26 but also quantified vascularization of the entire dermal region. Although the difference between control and VEGFmodified grafts in vascularization of the entire dermal regions was significant 1 week after surgery, similar levels were seen after stable engraftment was completed. This suggests that that VEGF overexpression acts by accelerating early graft vascularization. Although the overall level of vascularization was the same for control and VEGF-modified grafts at later time points after surgery, the distribution of vessels was different. There were more vessels close to the dermal-epidermal junction in VEGF-modified grafts. This observation is most likely because of the chemotactic effects 32, 33 on the murine endothelial cells of a gradient of VEGF protein generated by VEGF-modified epidermal keratinocytes.
Expression of the retroviral VEGF gene was detected in grafted VEGF ϩ CSS up to 14 weeks after grafting. Interestingly, the predominant retroviral VEGF transcript expressed at 14 weeks after surgery corresponds to the size predicted for expression from the CMV promoter/enhancer. This suggests that the CMV promoter/enhancer is more effective for driving long-term expression of exogenous genes in grafted keratinocytes than the retroviral LTR promoter. Despite prolonged expression of the retroviral VEGF mRNA, human VEGF protein was below the level of detection by ELISA (~9 pg/ml) in the serum of grafted mice analyzed up to 4 weeks after surgery. This indicates that overexpression of VEGF in grafted CSS resulted in localized protein expression that did not reach significant levels in the circulation. However, the increased vascularization seen in VEGF ϩ CSS suggests that the VEGF protein secreted by modified epidermal keratinocytes was able to penetrate the dermal/epidermal basement membrane and elicit a response from murine endothelial cells present in the wound bed.
CONCLUSIONS
Overexpression of VEGF in modified cultured skin resulted in reduced contraction after grafting. In addition, positive HLA-ABC immunostaining was seen in a greater percentage of VEGF-modified grafts compared with controls. Taken together, these results suggest that enhanced early vascularization can lead to greater graft stability and improved engraftment of cultured skin. Therefore, overexpression of Quantitation of endothelial cell densities of entire dermal regions. Shown are mean values for each group at each time point after grafting; error bars ϭ Ϯ SEM. A statistically significant difference was found at 1 week after grafting (P Ͻ 0.001). C. Quantitation of endothelial cell densities of upper dermal regions (top 0.1 mm of dermis). Shown are mean values for each group at each time point after grafting; error bars ϭ Ϯ SEM. Statistically significant differences were found at 1 week (P Ͻ 0.001) and 2, 4, and 14 weeks (P Ͻ 0.05) after grafting. CSS, cultured skin substitutes; VEGF ϩ , vascular endothelial growth factor-modified; Wk, week. VEGF in genetically modified cultured skin substitutes can contribute to improved healing of fullthickness skin wounds in athymic mice. Because the impact on healing may be caused by accelerated early vascularization, future studies should examine ways to achieve short-term VEGF overexpression in modified CSS. Negative effects of VEGF overexpression in mice up to 14 weeks after grafting were not observed in this study; however, because VEGF has been postulated to play a role in tumor angiogenesis, 34, 35, 36 potential hazards of chronic VEGF overexpression cannot be ignored. Benefits to vascularization and wound healing may be obtained by increased VEGF expression in only the first few weeks after grafting. The use of weaker promoters or inducible vector systems should be explored to allow regulation of VEGF overexpression after grafting of genetically modified CSS.
